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® Energy beam lithography resist materials. 



® A positive-type resist material, for forrning resist patterns having submicrdn geoitietries on a substrate, 
comprises a copolymer of a' first monomer of silicon containing methacrylic ester and a second monbnner of 
either acrylic ester or acrylonitrile, the . alpha-position of the second monomer being substituted by an electron- 
attracting group. The first, monomer has a high resistance against oxygen plasma and the second mononher has 
a high sensitivity for e-beam/X-ray irradiation. As the electron attracting group, a trifluoromethyl group, a halogen 
group, a cyano group and a CH2C0afH group are used. Possible . embodied first monomers are. inter alia^ 

^trimethylsilylmethyl methacrylate and (diphenylmethy!silyl)methyl methacrylate, and possible second monomers 

^^re. inter alia, o-trifiuoromethyl (2.2.2-trifluoroethylj acrylate arid a-cW^ 
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Energy beam lithogjraphy resist materials 

. • • > ■ • 

This invention relates to resist materials having high resistance to etching by oxygenrcpntaining plasma 
and a high sensitivity to exposure to an energy beam such as an electron beam or an X-ray beam, and 
more particularly concerns resist materials useable in electron-beam or X-ray lithography for forming, 
patterns of submicron dimensions. The invention also relates to methods of using such 'resist materials. 

In fabricating semiconductor integrated circuits, thin film technology and photolithography technology 
are widely used. With the trend towards higher degrees of integration of integrated circuits, electron beam 
and X-ray lithographY (hereinafter, energy bea,m lithography, such as electron beanf> and X-ray lithography, 
will be refen-ed to as e-beam/X-ray lithography, for brevity) are gradually finding practical application in the 
fabrication of LSIs and VLSis. 

In photolithography technblogy. for example, for forming an aluminium wiring pattern on a semicoriduc- 
tor substrate, a resist layer is coated on a thin aluminium layer. The resist layer is selectively exposed to 
ultraviolet rays using a mask and then developed, resulting in . the formation of a resist pattern in which the 
aluminiup layer is selectively exposed (revealed). Thereafter, the substrate is subjected to either a . wet or 
dry etching process for remdving the exposed (revealed) portions of the aluminium layer. After the 
remaining resist layer has been removed by an ashing proeess,;^ tile alummium pattern is provided on the 
substrate. ' 

. The above photolithography technology ha:s a. resblutioh limitation of around 1 micron and, therefoi'e. is 
Tiot suitable for forrhing a resist pattern having dimensions le^ 

On the other hand, e-beam/X-ray lithography utilises radiation of much shorter wavelength than the light 
wavelengths used in photolithography. In e-beam lithography, an electron beam having an energy level of 
about 20 to 30 KeV. (kilo-electroh-volts), corresponding to a wavelength of about 0.1 Angstrom is irradiated 
on to and -swept over a resist layer. In X*ray lithography, an X-ray source capable of radiating X-rays of a 
wavelength of several Angstroms is utilised. Therefore, e-beam/X-ray lithography is suitable for forming 
resist patterns having dinneosjons. less than, 1 micron; m other words, for forming fine patterns, of submicron 
dimensions or geometries^ . : 

There is another factor which can result in deterioration of the quality of formed resist patterns. 

Iri some cases, a specific layer, to- be patterned by an e^beam/X-ray lithography process has a step 
structure oh a substrate;, the step being fornried by an underlying structure previously formed. The step 
sometimes has a height of 1 to 2 microns. When a single resist layer is used in lithography, fine resist 
. patterns cannot be expected in such cases. 

In order to deal with the atjove step problem, a multilayer resist method has been developed and 
applied.. In a simple case, a double-layer resist method is used. A first (lower) resist liayer serves to provide.^ 
a planar subsfrate surface and has ai comparatively large tjiickness. Phenolnbvolak resin or cresplnovolak 
resin, for example, can be used as a material for the first resist lay^r. The material of the first resist layer is 
selected from those materials which are easily removed by a dry etching process comprising oxygen 
plasma. The first resist layer Is coated on the substrate by d spin-doatirig method and. has a .thickness of. 
for example, about 2 microns, and has a flat surface. A second (upper) resist layer is coated on the first, 
resist layer and has a thickness .of about 0.2 to 0^3 microns. The material of the second resist layer is 
required to have a high resistance to etching by oxygen-containing plasma. 

When the second resist layer has been exposed selectively to an e-beam and developed, the remaining 
second resist layer pattern exhibits a high resistance to etching during a subsequent dry etching process 
using oxygen-containing plasma. Therefore, the second resist layer pattern is trsinsfenred to the underlying 
first resist layer, resulting in the formatipn of a tirst. resist layer pattern similar to the second resist layer 
patterri. 

A homopolymer of trimethylsilylmethyl methacryl^te, shown in the following structural formula (1)..is a 
known positive-type resist material which has a high resistance to reactiv.e ion etching (abbreviated as RIE) 
using an oxygen-comprising gas. 

He : . . 

£02CH2SiHe3^ " .•.(1). . 
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Though the above' polymer exhibits a high resistance to oxygen plasma during dry etching! sensit 
to e-beam exposure is not good; 

For increased sensitivity, JapaneisQ Unexamined Patent Publicafioh SHO-62-2291.41, issued on 
October. 1987. by Watanabe at al.. discloses a polymer having a higti sensitivity to e-beam exposur. 
5 monomer disclosed in this reference, for example, has the following structural formula, wherein the al| 
methyl, group of the trimethylsilylmethyi methacrylate shown by formula (1) is replaced by a chlorine 2 
'(CI). ^ . . ■ ■ , • . • . *• 

CHo - C . 

C02CH2SiMe3; 

rs . Tfie above-improved positive-type resist rhaterial is most suitable when subjected to e-beam irradii 
of a quantity in a range less than a specified value. When a resist layer of this material is subjected I 
beam irradiation, exceeding this, range, the. resist sometimes exhibits a negative-type characteristic. 

An emfaodi'ment of thie present invention can provide a positive^type resist material which has a 
resistance to oxygen plasma during dry etching and a high sensitivity' to a wide range of e-beam/> 
. 20 irradiation and further can accommodate a wide range of qualities of irradiation. 

An emljodiment of the* present invention can provide^ a positive-type resist material having a 
sensitivity to e-beam/X-ray irradiation and which can be utilised for an outermost resist layer in a multi-l 
resist method: 

An embodiment of the present invention can provide a positive-type resist material having a 
25 ^ resistance to oxygen: plasma in a dry etching process, when the resist material has not been exposed 1 
' ' beam/X-ray inradiation and remains after development of the resist layer. 

An embodiment of the present invention can provide a positive-type resist material having charact 
tics of both high sensitivity to b-beam/Xrray irradiation and a high resistance to oxygen plasma 
subsequent dry etching process when not exposed to e-beam/X-ray irradlab^^^ 
• 30 An embodiment of the present invention provides a positive-type resist material comprisin 
copolymer of a first monomer, of a silicon-containing methacryl.ic ester and a second monomer of eithe 
acrylic ester or atrylonitrile, the alpha-position of the. second^ substituted by an^lec 

• attracting group. The first monomer has a high resistance td oxygen plasma in a dry etching process 
' the second monomer haS^^a high sensitivity to e-beam/X-ray irradiation. 
■35 . Referenceismade.-Sy way of exampfei. . to the accompanying drawings, in which^ 

Figs. 1 to 3 are schematic cross-sectional views of a semiconductor integrated circuit at .diiff^ 
sequential stages, a resist material embodying the present inyemtibn being used for a dbuble-Jayer r 
method in lithography processes involved, and 
' . Rg. 4. is a graph, illustrating sensitivity , curves pf typical resist materials (curveis A and B) emboc 
40 the present invention and a known resist material (curve C) for comparison, and curve D illustrates tl 
typical known positivertype resist material has a negative-type characteristic when overexposed to e-fc 
irradiation. • . 

. First,: a method of forming fine resist layer patterns in- a lithography process will be explained for a 
in which a multi-layer resiist method is used. . 
45 Fig. 1 shows schematically a partial cross-section of a semiconductor structure when two resist l< 
are formed thereon. For clarity, a semiconductor substrate 1 is. assumed to have a layer structure 2. v 
has been formed in previous fabrication processes and has a stepped portion 21. In order to form vi 
patterns of an aluminium layer, ah aluminium layer 3 is first deposited, on an. entire surface of the 
structure 2. A first resist layer 4 of a thickness of about 2 microns is spin-coated on the aluminium lav 
5b. Phenolnovofak resin, for example, is used as the material of the first resist layer 4. Because the first i 
layer has sufficient thickness to embed the stepped portion 21 , the surface thereof is level. ThereafI 
second resist layer 5, which is prepared in accordance with an embodiment Of the present inveritic 
. coated on the first resist layer 4 to a thickness of about 3000 Angstroms. . 

• Surface regions 9 of the second resist layer 5 are selectively :subjected to e-beam exposure. There 
55 the second, resist layer 5 is subjected to a. development process. The resist layer 5 in the exposed re\ 
9 is removed whilst the layer 51 in a non-exposed region 7 remains as shown in Fig. 2. . 

Next., the entire surface is subjected to a reactive ion etching (RIE) process using oxygen-including 
.vyhich has an anisotropic characteristic. The first resist layer 4 in the expiosed regions 9 is removed an 
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.aluminium layer 3 in these regions 9 Is exposed (revealed) in this process. However, because the second 
resist layer 5t has a high resistance to the oxygeri plasma, the resist layer 51 remains with the first resist 
layer 41 thereunder during this etching process^ 

Next, the exposed (revealed) aluminium, layer 3 and'the remaining second resist layer 51 are subjected 
5. to another ijry . etching process using a halido. for example, chloride-com0ound-com prising gas, and both 
. layers are removed. Finally, the remaining first resist layer 41 is removed by an/ashing process, leaving a 
fine aluminium layer pattern 31 as shown in Rg. 3. 

A resist material embodying the present inveritlon comprises a copbiymer of a first monomer .of a 
silicon-containing iTiethacrylic ester and a second monomer of either an acrylic ester or acrylonitrile, the 
70 . alpha-position of the second, monomer being substituted by an electron-attracting, group. 

The first monomer of silicon-containing methacrylic ester is showo in the following general structural 
. formula (2). 



IS 



20 



25 



;^^<^2CH:2SiR3- ^ ' • ..(2>, 

where R denotes an alkyi gi^oup or a phenyl group.. . . 

A homopolymer of the above silicon-containing methacrylic ester exhibits a high resistance to oxygen 
plasma, but has a poor sensitivity to e-beam/X-ray irradiation. ... 

In order to improve sensitivity to e-beam/X-ray irradiation, a resist material embodying the. present 
invention comprises a copolymer which is provided by copblymerisation of above first monomer shown by 
, formula (2)'and a .second monomer of either an acrylic ester or acrylonitrile. of which the alpha-position is 
. substituted by an electron-attracting group. 

As an electron-attracting group, any group selecting the following can be used:, a halogen group, a 
cyano group (CN). land a CH2CO2R group. When the electron-attracting, group is denoted as X; one' of tfie 
second monomers, an acrylic ester in which the alpha-position Is substituted by X, is. represented by the 
following structural formula: . 

• : •■ X. ■ ' . / ' ' \ ' . 

"^^"zR: ■ :c3>, " 

where R denotes ah alkyj group or a phenyl group. 

The other second monomer, acrylonitrile in^ which the alpha-position is substituted by X. is represented 
by the following structural formula: / . 

-y*: • ' ■ ^ ■ ' 

• . • ...(4). . . : 



30 



40. 



45- 



In copolymerisirig the first and second monomers/a copolymerisation ratio is preferably selected to be 
in the range from 10:t to 2:1 and. further, the molecular weight of the copolymer is preferably in the ranqe 
•50 . .SOO.OOO to 3.000.000. ' /. 

Examples of resist materials in accordance with embodiments of the present in\^ention are described 
below. ■ ■ 



■55 V. First Example • . . • • • ■ 

When a trifiuoromQthyl group (CF3). is used for X and a trifluoroethyl group. (CH2CF3) for R in formula 
(3), a-trifiuoromethyl (2.2,2-trifluoroethyl) acrylate shqwn by the following formula (5) is utilised as the 
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. second monomer. 

CF 



CHg. = C 



3 



As the first monomer, trinriethylsilylmethy| methacrylate, wherein a methyl grqup is substituted for a 
group R in the formula (2). is used in this first example. 

The first and second monomers, trimethylsilylmethyl methacrylate.; and a-trifludromethyl (2^ 
trifluordethyl) acrylate, are copolymerlsed, and the copolymer has ia copoiyrherlsation ratio of 7:3 an 
molecular weight of about 800,000. The cdpolyrner is dissolved in toluene, and a copolymer solution oi 
g/l Is used as a positive-type resist material In accordance with the first example^ 

The resist material of the first example was coated on a silicon wafer to a thickness of about 3 
Angstroms. After a baking process, the resist layer was subjected to e-beam exposure using an accelera 
voltage of 20 KeV. After exposure, the resist layer was developed in n^hexane for two mintites. In Fig. 4, 
sensitivity of the resist material of the first exarpple is illustrated by curve A/ In which sensitivity is indie? 
by curves representing normalised remaining - resist thickness corresponding to respective irradia 
quantities. It i3 fourid that this resist materiar has a sensitivity of about 6.4 UC/cm^. 

As a test for obtaining data relevant to its resistance to oxygen plasma, the resist material of the 
^ example was subjected to RIE for 20 minutes under conditions of oxygen gas flow of 50 seem, a degre 
vacuum of 0.15 Tbrr and input RF (radio frequency) power. of 300 watts. The test result indicated that 
thickness consumption of the resist layer was about 1000 Angstroms. . 

25 ' ■ . ■' . / . • • ' " ■ • • • ' •- •■ . ■ 

2. Second. Example 

In the second example,, a-trifluoromethyl (2.2,2-trlfluoroethy.l) acrylate illustrated by formijia (5) is u 
as the siecond monomer. . . , . . 

(piphenylmethylsilyl)methyl tpethacrylate illustrated by the following forniula (6) wherein groups R in 
. formula (2) are replaced by two phenyl groups ahd one methyl group, is used as a first monomer: 



COgCHjSiMe. 



. - (6) 



55 



A copolynner of the first and second monomers having a copolymerisatidn ratio, of 8:1 and a mblec 
weight of about 800.000 is dissolved in cyclbhexane^ and the copolymer; solution of 30 g/l is used i 
positive-type resist material of the second example. ' .'• = 

The resist material of. the second example was coated on a silicon wafer to a thickness of about 3 
Angstroms. After a baking process, the resist iayer was subjected to an e-beam exposure having 
lacceieratioh voltage of 20 KeV. After the exposure, the resist layer, was developed iri a 3:2 mixed, solutio 
n-octy I alcohol and methyl alcohol for 5 minutes.. It was, found that the resist material has a 'serisitivit 
about 8.0 M.C/cm2, 

As a test for obtairiing data relevant to its resistance to oxygen plasma, the resist material of the sec 
example was subjected to RIE for . 20 minutes under the conditions of oxygen gas flow of 50 seem, a dej 
of . vacuum of 0.15 Torr .and input RF power of 300 watts: The test result indicates that the thickr 
consumption of the resist layer was about 2200 Angstromsi 



3. Third Example . 

In the third example, a-chlprbacrylonitrife wherein the alpha-position of acrylpnitrile in formula {* 
substituted by chlorine, shown by the formula (6), is us^d as a second monomer. 
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CHp = C / 



CL 



CN ...(7). 



As a first monomer, trimethylsllylmethyl methacrylate is used.rwhich is the same monomer as used in 
• the first example. 

A copolymer of the first and second monomers having a copolymerisation ratio of 7:2 and a molecular 
:)q weight of about 800,000 is dissolved in ethylbenzene, apd the copolymer solution of 60 g/l used as a 
posltive-tyiDe resist material of the third example. 

The resist material of the third example wa$ coated on a silicon wafer to a thickness of about 3000 
Angstroms. After a baking process, the resist layer wks subjected to an e*-beam exposure' having an 
acceleration voltage of 20 KeV! After the exposure, the resist layer was developed in a 5:1 mixed solution of, 
,5 water arid ethylalcohol for 10 minutes. The sensitivity curve of this resist material is indicated by curve B of 
Fig: 4i It was found that the resist material has a sensitivity of about 9.6 liC/cm^, 

■ As a test for obtaining data relevant to resistance to oxygen plasma, the resist material of the third 
example was subjected to RIE for 20 minutes under the conditions of oxygen gas flow of 50 seem, a degree 
of vacuum of 0.15 Torr and an input electricaf discharge power of 300 watts. The test result indicated that 
20 . the thickness consumption of the resist layer was about 3000 Angstroms. 

4. Comparison Tests 

- . . (1) Comparison Data 1 ' - • ."■.*' 

A toluene solution of a homppolymer of trimethylsilylmethyl methacrylate was used as a resist material 
' for comparison tests. Test pieces were formed and thereafter exposed in the same way as described In 
relation to the examples above. The resist layer was developed in a 10:1 mixed solution of 2-propanol and 
w^ter for 20 minutes. If was found that the resist* material had a sensitivity of about 14 jxC/cm^ and, as data 
pertaining to resistance to oxygen plasma, thickness consumption data of 1000 Angstroms was obtained 
under the same t6st conditions. 

In Fig. 4, sensitivity of the homopdiynner of trim^thylsllylmethyi methacrylate is indicated by curve 0. . 
'3$ . \ ' ' • 

(2) Comparison Data 2 . 1 • " • 

.-The resist material of the first lower , resist' layer 4 in Figs. 1 and 2. which is used for levelling the .. 
40 substrate surface, was subjected to an oxygen plasma test for obtaining a data pertinent to its. resistance to • 
oxygen plasma. Test doriditions were the same as thos^ applied in the above exariiples. A resist layer of .* 
novolak resin having the trade name OFPR-aOQ. made by Tokyp-Oka-Kogyo. showed a thickness consump- ' 
tion of 12 microns,- which is much larger th^n the thickness obtained in the first to third examples. . . 

The effects achieved by embodiments of the present invention, in accordance with Examples f to 3, \ 
45 . can be summarised thus! 

(1) Resistance against oxygen plasma . • ' 

QQ As explained in relation to the first to third examples, thickness consumptions of the resist layers, when 
subjected to oxygen-containing plasma etching; are 1000. 2200 and 3000 Angstrom? respectively. The data • 
show that consumptions are about 1/120. 1/50 and 1740* respectively of the dkta obtained for CiFPR-800 
riovolak resin. 

; Resistance to oxygen plasma is very good for resist rnaterials embodying the present invention. This is " 
55 due to a silicon atom cpmprised in. a rhethacrylic acid ester in the copolymer. Therefore, a known 
homopolymer resist material comprising only a methacrylic acid ester such as trimethylsilylmethyl . 
methacrylate also shows a strong, resistance to oxygen pjasma as described in comparison data (1).; 
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(2) Sensitivity, to e-beam Irradiations . . ' 

The resist materials of Examples 1 to 3 have e-beam sensitivities of 6.4 u.C/crn^ .8.0 uC/crn^ ani 
uCi'cm^. respectively. The data shows that sensitivity is Inriproved by about 1.5 to 2 times in compa 
5 with the i<nown methacryllc acid ester homopolymer. It seems that resist material embodying the pn 
invention is of a. copolymer comprising a second monomer of either an acrylic ester or acrylonitril 
. which the aljDha-position. is substituted by an electron-attracting group, such as a triifluoromethyl group ( 
or a halogen group (CI), and that this structure causes easy decomposition of the copolymer of e-t 
: irradiation. 

10 Another feature of the present invention is that the resist material does not show a turnover or rev 
of its characteristics when it Is overexposed to e-beam/X-ray. The known positive-type resist ma 
exhibits a negative-type characteristic as typically shown by a brpken-Iine curve D of Rg. 4 when 
overexposed to e-beam irradiation of Jdr example, larger than 100 uC/^^ 

In an embodiment of the present invention a positive-type resist material, for foi^ming resist pat 

IS having submicrdri geometries on a substrate, comprises a copolymer of a first monomer of si 
containing rhethacrylic ester and a second monomer of either acrylic ester or acrylonitrile, the alpha-poj 
of the second monomer being substituted by an electron-attracting group. The first monomer has a 
resistance against oxygen plasma and the second monomer has a high sensitivity for ' e-beam/I 
irradiation. As the electron attracting group, a trifluofpmethyl group, a halogen group, a cyano group a 

20 GH2CO2R group are used. Possible embodied first monomers are,, inter alia, trimethylsilylm 
methacrylate and (diphenylmethylsilyl)methyl methacryiate. and possible second monpmers are. ihter 
a-trifluoromethyl {2.2.2-trifluoroethyl) acryiate and a-ch^^ 



25 Clainis . 

1.. A resist material comprising a copolymer of a silicon containing methacryllc ester and an a< 
ester.^.the alpha-position of the acrylic ester being substituted by an electron-attracting group. . 

2. A resist material comprising a copolymer of a silicon containing methacryllc ester and acrylon 
30 the alpha-position of the acrylonitrile being substitutisd by an electron-attracting group; 

3. A resist materlar as claims in clairn 1 or 2. wherein isaid electron-attracting group is a trifluorom 
' group (CF3), a halogen group; a cyano group (CN) or a GH2CO2R group. 

4. A. resist material as claimed in claim 1. 2 or 3, wherein said silicon-containing methacry lie es 
trimethylsilylnriethyl methacrylate shown as follows: ^ . ' - 



35 



CH2 - C 



40 



^ CdgeHgSiHej 



' 5. A resist material as claimed in claim V, 2 or 3, wlierein said silicon-containing metliacrylic es 
(diphenylmethylsilyl)rnethyl methacrylate sliown as follows; 

45 y M-e- ' ' 



V 

COjCHgSlMe 



sa 



■6 



.6. A resist material as claimed in. claim 1, wherein said acrylic ester of which the alpha-positi 
substituted by an electron-attracting group is a-trifluoromethyl (2.2.2-tirifluQroiethyl). acrylate. shov 
follows: 
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CH, = C 



CO2CH2CF3 



7. A resist material as claimed in claim 2. wherein said acrylonitrile of whicli the alpha-position is 
substituted by an elecfron-attracting group, is o-jchloroacrylonitriie. shown as follows: 



CL 



CM 



8. A method of forming a resist pattern comprising t^^ 
forming a first resist layer on a substrate or oh an underlying structure, and forming a. second resist layer 

-thereon. . . ; . 

Irradiating said second resist layer selectively with e-bearn/X-ray radiation, and removing the second resist 
layer and exposing (revealing) the first resist layer thereunder in selectively Irradiated regions by a 
developing process, and 

subjecting the entire surface of the substrate to a dry etching process using an oxygen-containing, gas. 
wherein the material of said second resist layer comprises a copolymer of a silicon^bntaining methacryltc 
ester and an acrylic ester, the alpha-position of the acrylic ester being substituted by an electron-attracting 

group. 

. 9.. A method of forming a resist pattern comprising the steps of: 
forming a first resist layer oh a substrate, or on ah underlying structure, and forming a second resist layer 
thereon. 

irradiating said second resist layer selectively with e-beam/X-ray radiation, and removing the second resist 
layer and exposing (revealing) the first resist layer thereunder In selectively rrl'adiated regions by a 
developing process, and . ^ 

subjecting the entire surface of the substrate to a dry etching process using an oxygen-containing gas, 
. wherein the material of said second resist layer comprises a copolymer of a silicon-containing methacrylic 
35 ester and acryldnitrile. the alpha-pbisition of the acrylonitrile being substituted by an electron-attrkcting 
. group-.'* 
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